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Nuclear modifications of parton distributions
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Nuclear PDFs (nPDFs) often described in terms of

f
p/A
i

bound-proton PDF
(x,Q2) =

nuclear modification

R
p/A
i (x,Q2)fpi

free-proton PDF
(x,Q2)

PDFs of the full nucleus are then constructed with

fAi (x,Q2) = Z

bound-proton PDF

f
p/A
i (x,Q2) + (A− Z)

bound-neutron PDF

f
n/A
i (x,Q2)

and assuming fp/Ai

isospin←→ f
n/A
j

The nuclear effects grow as a power-law
in the nuclear mass A

Not enough data to fit each nucleus
independently

: Need a global analysis across
different masses!

Fermi motion

EMC effect

antishadowing

shadowing
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Latest and next generation NLO nPDF global fits
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lA NC DIS
+ JLab NC DIS
νA CC DIS
pA DY
πA DY

RHIC dAu π0,π±

LHC pPb π0,π±,K±

LHC pPb dijet RFB

→ dijet RpPb

LHC pPb D0

LHC pPb W,Z Run 1

+ Run 2 pPb W

Q,W cut in DIS
Data points

Free parameters
Error analysis

Error tolerance∆χ2

Free-proton PDFs
HQ treatment
Indep. flavours

Reference

EPPS16 nNNPDF2.0 nCTEQ15WZSIH nCTEQ15HIX

X X X X
X

X X
X X X
X
X X

X
X

X X X
X X

1.3, N/A GeV 1.87, 3.5 GeV 2.0, 3.5 GeV 1.3, 1.7 GeV
1811 1467 828 1564
20 256 19 19

Hessian Monte Carlo Hessian Hessian
52 N/A 35 35

CT14 NNPDF3.1 ∼CTEQ6M ∼CTEQ6M
S-ACOT FONLL S-ACOT S-ACOT

6 6 5 4

EPJC 77, 163 JHEP 09, 183 PRD 104, 094005 PRD 103, 114015

EPPS21 prelim.

X
X new!
X
X
X
X

X new!
X new!
X
X new!

1.3, 1.8 GeV
2023 prelim.
24 prelim.

Hessian
35 prelim.

CT18A prelim.
S-ACOT

6

TBA



W bosons in pPb at 8.16 TeV
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Potential probes of the flavour separation (and strangeness):

ud̄ (us̄, cs̄)→W+

dū (sū, sc̄)→W−

Remember: small-x, high-Q2 quarks and gluons correlated by
DGLAP evolution : constraints for gluons

Increased statistics for W bosons in the 8.16 TeV data set

: Included in nNNPDF2.0 and nCTEQ15WZ

[Abdul Khalek, Ethier, Rojo & van Weelden, JHEP 09 (2020) 183][CMS, Phys.Lett.B 800 (2020) 135048]

:



W/Z bosons in pPb at 5.02 TeV and 8.16 TeV – impact in nNNPDF2.0
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Flexible neural-network parametrization
(256 free parameters)

Includes CMS and ATLAS W/Z data

Compared to DIS-only fit:

Preference for EMC effect both in
u and d

Clear evidence for small-x
shadowing

nNNPDF2.0 does not use fixed-target
DY data

: W/Z data have to compensate

[Abdul Khalek, Ethier, Rojo & van Weelden, JHEP 09 (2020) 183]

Here:

RA
f (x,Q2) =

Zf
p/A
f

(x,Q2)+(A−Z)f
n/A
f

(x,Q2)

Zf
p
f

(x,Q2)+(A−Z)fn
f

(x,Q2)



W/Z bosons and inclusive hadrons – impact in nCTEQ15WZSIH
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nCTEQ15WZ [Kusina et al., Eur.Phys.J.C 80 (2020) 968]

includes also ALICE & LHCb W/Z data

: Most extensive EW-boson data set to date

Further gluon constraints in nCTEQ15WZSIH form
inclusive hadron production

One needs to keep an eye on
fragmentation function uncertainties

I Partially cancel in the RpA

since the new data are taken on lead and gold, which are
similarly heavy.
Examining Fig. 8, the most obvious change between the

baseline (black) and the new fits (red, green) is the change
in the gluon, which is enhanced at x < 0.05 and suppressed
at 0.05 < x < 0.3. The central values of the other flavors
also exhibit some slight changes as they are of course
coupled to the gluons via the DGLAP evolution. The
uncertainties for up, down, and strange flavors are larger in
the new fits than in the baseline due to the newly opened
strange parameters. This is not unexpected and was also
seen in the recent nCTEQ15WZ analysis where the same
strange parameters were opened up. The inclusion of the
DSS uncertainty does not cause any significant change in
the central value but does result in an increased PDF error
band, which is most noticeable at small x, especially for the
strange PDF. Somewhat surprisingly, the region x ∼ 0.1
sees a slight decrease in uncertainties, likely caused by
slight shifts in the Hessian basis’s eigenvector directions.
In Fig. 9, the same fits are shownwithW=Z data included.

Here, we see that the new fits for nCTEQ15WZ+SIH are
generally (with the exception of the strange PDFs) more
similar to the baseline fit than was the case for the
nCTEQ15SIH fits shown in Fig. 8. For the gluon, we see
similar behavior as in Fig. 8, but slightly less pronounced due
to the additional constraints from theW=Z data. A somewhat
surprising feature of this fit is the enhancement of the strange
quark at low x. As Fig. 1 shows no particular strange
sensitivity of the SIH data, presumably this enhanced strange
PDF is being driven, in part, by the influence of the W=Z

data. While the resulting strange PDF in the new fits is
substantially larger than the baseline at low x values, it is
important to recall that the LHC heavy ion data primarily
constrain the region x≳ 0.01. Including the DSS uncertainty
in this case causes no visible difference in central values
but yields slightly larger uncertainty bands on the gluon. The
shifted eigenvector basis results in slightly decreased strange
quark uncertainties in the low-x region.

C. Quality of the fits

To judge the quality of the fits, we first take a detailed look
at the resulting χ2 values. Figure 10 shows the χ2=Ndof for
each of the fitted datasets of the twomain fits, nCTEQ15SIH
and nCTEQ15WZþ SIH. We see that the DIS and DY
datasets are stillwell describedby the newPDFand generally
satisfy χ2=Ndof < 1, with one exception.4 TheW=Z data also
remain well described when including the SIH data, with the
exception of dataset 6215 (ATLASRun I,Z production); this
behavior was also observed in the nCTEQ15WZ analysis.
More quantitative insights regarding the fit results can be

obtained from Table IV, which shows a breakdown of the
χ2=Ndof by experiment type and by dataset. Note that there
is a small difference for the STAR and PHENIX pion
results reported here (with pT > 3 GeV) and in the
nCTEQ15WZ analysis, which used a pT > 1.7 GeV cut.

FIG. 9. Lead PDFs from fits to the nCTEQ15WZ dataþ SIH data. The baseline nCTEQ15WZ fit is shown in black, the fit with
unmodified data is shown in red and the fit where the uncertainties from the DSS FFs were added as a systematic uncertainty
(nCTEQ15WZþ SIH) is shown in green.

4The notable exception with a large χ2=Ndof is dataset 5108
(Sn=D EMC-1988) with eight data points. However, other
analyses also found a large χ2=Ndof for this dataset [4,81].

IMPACT OF INCLUSIVE HADRON PRODUCTION DATA ON … PHYS. REV. D 104, 094005 (2021)

094005-11

FIG. 6. Comparison of data for nuclear ratios RAA0 for pion, kaon, and eta production with theoretical predictions at NLO QCD using
nCTEQ15WZ nuclear PDFs and different FFs. The predictions are scaled by the inverse of their fitted normalization. The uncertainties
of the DSS fragmentation functions are shown as purple bands. The gray region shows the data that are cut from the fits.

P. DUWENTÄSTER et al. PHYS. REV. D 104, 094005 (2021)

094005-8

[Duwentäster et al., Phys.Rev.D 104 (2021) 094005]



Need to mitigate free-proton PDF uncertainty
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Absolute cross sections
carry large proton-PDF
uncertainty!

Should not be neglected
when fitting the nPDFs!

Wherever possible, we use
nuclear modification ratios
to cancel the free-proton
PDF uncertainty

For Ws at 8.16 TeV, we
formulate a mixed-energy
nuclear modification ratio

RpPb =
dσpPb

8.16 TeV/dηµ
dσpp

8.0 TeV/dηµ



Proton-PDF uncertainties in EPPS21 fit
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preliminary results,
Ref: [Eskola, PP, Paukkunen & Salgado, arXiv:2106.13661]

We study baseline-PDF sensitivity by fitting nuclear modifications separately for each CT18A error set

CT18A
central set

fit nucl.
mods.

Hessian err.
analysis

fit nucl.
mods.

CT18A
err. sets

EPPS21
central set

EPPS21
nucl. err. sets

EPPS21
baseline err. sets

EPPS21
nucl. err.

EPPS21
full err.

Baseline error mostly subdominant in the observables we fit, but shows up e.g. in the fixed-target DY
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Dijets at 5.02 TeV new!
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preliminary results,
Ref: [Eskola, PP, Paukkunen & Salgado, arXiv:2106.13661]

data from: [CMS Collaboration, Phys.Rev.Lett. 121 (2018) 062002]

R
p
P
b

ηdijet

EPPS16
EPPS21 nuclear err.
EPPS21 full err.
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CMS dijet, 115 < paveT /GeV < 150

R
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P
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ηdijet
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EPPS21 nuclear err.
EPPS21 full err.

CMS dijet, 150 < paveT /GeV < 400

: : :

:

Results in line with
the reweighting study
[Eskola, PP & Paukkunen,

Eur.Phys.J.C 79 (2019) 511]

Still finding it difficult to fit
the forwardmost data points
: currently excluded

from the fit



D0s at 5.02 TeV – backward new!
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preliminary results,
Ref: [Eskola, PP, Paukkunen & Salgado, arXiv:2106.13661]

data from: [LHCb Collaboration, JHEP 10 (2017) 090]
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pT [GeV]

not fitted

EPPS16
EPPS21 nuclear err.
EPPS21 full err.

LHCb D0, −3.0 < y < −2.5
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not fitted
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not fitted
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LHCb D0, −4.0 < y < −3.5

R
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pT [GeV]

not fitted

EPPS16
EPPS21 nuclear err.
EPPS21 full err.

LHCb D0, −4.5 < y < −4.0

Excellent fit!

Results in line with
the reweighting study
[Eskola, Helenius, PP & Paukkunen,

JHEP 05 (2020) 037]

Using the NLO pQCD
S-ACOT-mT GM-VFNS
[Helenius & Paukkunen,

JHEP 05 (2018) 196]

Using a pT > 3 GeV cut
to reduce theoretical
uncertainties



D0s at 5.02 TeV – forward new!
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preliminary results,
Ref: [Eskola, PP, Paukkunen & Salgado, arXiv:2106.13661]

data from: [LHCb Collaboration, JHEP 10 (2017) 090]
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LHCb D0, 3.0 < y < 3.5
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not fitted

EPPS16
EPPS21 nuclear err.
EPPS21 full err.

LHCb D0, 3.5 < y < 4.0

Excellent fit!

Results in line with
the reweighting study
[Eskola, Helenius, PP & Paukkunen,

JHEP 05 (2020) 037]

Using the NLO pQCD
S-ACOT-mT GM-VFNS
[Helenius & Paukkunen,

JHEP 05 (2018) 196]

Using a pT > 3 GeV cut
to reduce theoretical
uncertainties



Ws at 8.16 TeV new!
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preliminary results,
Ref: [Eskola, PP, Paukkunen & Salgado, arXiv:2106.13661]

data from: [CMS Collaboration, Phys.Lett.B 800 (2020) 135048,
Eur.Phys.J.C 76 (2016) 469]

R
p
P
b

lepton rapidity (c.m. frame)
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CMS W−, pPb,
√
s = 8.16 TeV

R
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EPPS16
EPPS21 nuclear err.
EPPS21 full err.

CMS W+, pPb,
√
s = 8.16 TeV

Excellent fit!

Using the mixed-energy
nuclear modification ratio

RpPb =
dσpPb

8.16 TeV/dηµ
dσpp

8.0 TeV/dηµ

to cancel the free-proton
PDF uncertainty

Fully consistent with the dijets and D0s
Important check on the nPDF universality & factorization

These data do not appear to give additional flavour-separation constraints
on top of those we had already in EPPS16

Looking forward to increased precision at LHC Run 3



JLab NC DIS new!
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preliminary results,
Ref: [Eskola, PP, Paukkunen & Salgado, arXiv:2106.13661]

data from: [CLAS Collaboration, Nature 566 (2019) 354-358]
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Excellent fit!

Results in line with
the reweighting study
[Paukkunen & Zurita,

Eur.Phys.J.C 80 (2020) 381]

We take into account
the leading target-mass
corrections

No sign of isospin-dependence
in the bound-proton
nuclear modifications Rp/Ai



Comparison to EPPS16

13 / 22

preliminary results,
Ref: [Eskola, PP, Paukkunen & Salgado, arXiv:2106.13661]

Flavour separation (esp. strangeness) remains a
difficult beast to tame

Not enough data to put stringent
constraints on a flavour by flavour basis

Some sensitivity to proton-PDF
uncertainties

Significant reduction in the gluon uncertainties!

Driven by dijet and D0 data, but
consistent with Ws

Strong evidence for mid-x antishadowing
and small-x shadowing
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Comparison to nNNPDF2.0, nCTEQ15WZ
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preliminary results,
Ref: [Eskola, PP, Paukkunen & Salgado, arXiv:2106.13661]

prelim.
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All three consistent within uncertainties, but significant differences in the uncertainty estimates

Best constrained gluons in the EPPS21 prelim. fit from pPb dijets and D-mesons!



A-dependence of gluon modifications
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[PP, arXiv:2111.05368]
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Direct gluon constraints available only for heavy nuclei (most constraining: pPb dijets & D-mesons)

: Gluons and small-x quarks poorly constrained for lighter nuclei

: Significant parametrization dependence

How confidently can we interpolate the light-nuclei gluons from measurements at large A?

SMOG@LHCb and RHIC (pAl) can help for the large x

: Need for lighter-ion LHC pA runs and EIC!



Data availability w.r.t. A
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EPPS21 prelim.

DIS DY/W/Z hadr. Counting ratios A1/A2 only for the heavier nucleus

∼ 50% of the data points are for Pb!

� Good coverage of DIS measurements for different A (but only fixed target!)

À DY data more scarce, but OK A coverage

� Hadronic observables available only for heavy nuclei!

Light-ion runs at LHC could:

Complement other light-nuclei DY data with W and Z production (strangeness!)

Give first direct constraints (e.g. dijets, D-mesons) on light-nuclei gluon distributions!
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DIS DY/W/Z hadr. Counting ratios A1/A2 only for the heavier nucleus

∼ 50% of the data points are for Pb!

� Good coverage of DIS measurements for different A (but only fixed target!)

À DY data more scarce, but OK A coverage

� Hadronic observables available only for heavy nuclei!

Light-ion runs at LHC could:

Complement other light-nuclei DY data with W and Z production (strangeness!)

Give first direct constraints (e.g. dijets, D-mesons) on light-nuclei gluon distributions!



Dijet production in pO at 9.9 TeV
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[PP, arXiv:2111.05368]

Similar setup as in the CMS 5.02 TeV pPb
measurement

Total integrated pO cross section of 81 µb

Compare with ∼ 330 µb in pPb at 5.02 TeV

Sufficient to give reasonable statistics even at
relatively low luminosities
16000 events at 0.2 nb−1

486000 events at 6 nb−1

Problem: absolute cross sections very sensitive to
the used free-proton PDFs

Difficult to disentangle nuclear modifications
from the free-proton d.o.f.s

Problem: We do not expect a pp reference at 9.9 TeV

Could we use a mixed energy ratio
pO(9.9 TeV)/pp(8.8 TeV)?
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[PP, arXiv:2111.05368]

Problem: We do not expect a pp reference at 9.9 TeV

Could we use a mixed energy ratio
pO(9.9 TeV)/pp(8.8 TeV)? Yes!

Excellent cancellation of free-proton PDFs

: Direct access to nuclear modifications

Luminosity (and hadronization) uncertainties
can be made to cancel with self-normalization,
but this would cancel also part of the nPDF effects

Already few nb−1 can be expected to be enough to
put new constraints on nPDFs (if we have sufficient
statistics for the pp reference)

: Can resolve different nPDF parametrisations!
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2

of high-energy nuclear physics.
Analogously to the free proton case, `+A scatter-

ing has a huge potential to o↵er information on the
nPDFs [19]. Despite some considerable e↵ort [20, 21], the
HERA collider was never operated with nuclear beams
and thus the kinematic reach of currently available cross-
section measurements in `+A DIS is much more re-
stricted than in the case of protons — the existing fixed-
target measurements do not reach x much below 10�2 in
the perturbative region. As a consequence, the nPDFs
are significantly less constrained than the proton PDFs.

Recently, the first global analysis of nPDFs to include
LHC p+Pb Run-I data, EPPS16 [22], appeared. From
the LHC data available at the time of the EPPS16 fit,
the CMS dijet measurements [23] had clearly the largest
impact providing additional constraints on the large-x
gluons. Also data from electroweak boson production
in p+Pb collisions were used, but their inclusion did
not lead to significant improvements due to their limited
statistical precision. The Run-II data with significantly
higher luminosities are expected to provide much better
constraints in the near future. However, theoretically ro-
bust LHC observables are limited to rather high Q2 (e.g.
in the case of W and Z bosons production the typical
interaction scale is Q2 ⇠ 104 GeV2) and it is particularly
challenging to obtain reliable constraints at the low-x ,
low-Q2 domain. As already mentioned, this is the im-
portant region when it comes to di↵erentiating linear vs.
non-linear scale evolution and, in general, particularly
significant for bulk observables in heavy-ion collisions, as
around 90% of the particles produced at mid rapidity at
both RHIC (0.002 . x . 0.4) and the LHC (x . 10�3)
come from low-Q2 processes.

To obtain gluon constraints at small x and low Q2

from p+A collisions at the LHC or RHIC, one has to,
in general, rely on observables at low transverse momen-
tum (e.g. open charm) for which theoretical uncertainties
are significant. In order to have a cleaner probe of the
partonic structure of nuclei and to extend the current
measurements down to smaller x, a next-generation DIS
experiment is called for. To this end, two possibilities
have been entertained: the LHeC collider at CERN [24]
and an EIC in the United States [25]. In the present pa-
per, we will focus on the EIC project and its potential
to improve the precision of nuclear PDFs. This work is
organized as follows: in Sec. II we present some techni-
cal details of an EIC, relevant for the present analysis.
Secs. III and IV are dedicated to discuss the quanti-
ties that can be used to further the knowledge on nPDFs
and showing simulation results for these, respectively. In
Sec. V the impact of these measurements on the nPDFs is
presented, finally in Sec. VI our findings are summarized.

II. THE ELECTRON-ION COLLIDER PROJECT

Currently, there are two proposals to construct an EIC
in the United States. One option would involve the addi-

Measurements with A ≥ 56 (Fe):
eA/μA DIS (E-139, E-665, EMC, NMC) 
JLAB-12
νA DIS (CCFR, CDHSW, CHORUS, NuTeV)
DY (E772, E866)
DY (E906)

x
10-410-5 10-3 10-2 10-1 1

Q
2  

 (G
eV

2 )

104

103

102

10

1

0.1

EIC √s =
 32 − 90 GeV, 0.01 ≤ y ≤

 0.95   

EIC √s =
 15 − 40 GeV, 0.01 ≤ y ≤

 0.95   

perturbative
non-perturbative

FIG. 1. The kinematic acceptance in x and Q2 of an EIC
compared to completed fixed target `+A DIS and Drell-Yan
(DY) experiments.

tion of a hadron-accelerator complex to the existing CE-
BAF electron facility at the Thomas Je↵erson National
Laboratory (JLAB), the so-called JLEIC project [26].
The other option would be to add an electron accel-
erator to the existing RHIC facility at BNL, a project
know as eRHIC [27]. Despite the two proposals and
strategies for an EIC, the overriding goal is the same:
to build a high-luminosity collider, which is flexible in
terms of ion species (proton to uranium) and center-of-
mass (c.o.m.) energies. Both proposals plan for a fi-
nal per-nucleon c.o.m. energies ranging from 20 GeV to
90 GeV for large nuclei with an even larger range (up
to 145 GeV) for polarized electron+proton (e�+p) col-
lisions. The wide kinematic coverage of an EIC, shown
in Figure 1 in the (x, Q2)-plane, is very important to ef-
fectively constrain nuclear PDFs. Only the eRHIC pro-
posal for an EIC could eventually be capable of reaching
top c.o.m. energy at “day 1”, whereas the JLEIC ver-
sion would require a significant upgrade to reach the full
c.o.m. energy. Therefore, JLEIC would stage its mea-
surements in c.o.m. energies, starting with scanning the
high and mid x region up to high Q2 values. Both of
the proposed accelerators would also be capable to reach
peak luminosities larger than 1034 cm�2 s�1, three orders
of magnitude higher than what was achieved at HERA.
Only the JLEIC version of an EIC would be capable of
reaching the peak luminosity at “day 1”, whereas eRHIC
would build up its luminosity over time after upgrading
the facility with hadron beam cooling. While a very large
instantaneous luminosity may be required for other EIC
key physics programs, this is not equally crucial for mea-
suring structure functions. As will be described later,
our study proves that, assuming collected integrated lu-
minosity of 10 fb�1, these measurements are - for the
most part - not statistically limited, but rather by the
associated systematic uncertainties. Therefore, a crucial

12

R

P
b

g

(x
,
Q

2
=
1.
69

G
eV

2 )

x

R

P
b

u

(x
,
Q

2
=
1.
69

G
eV

2 )

x

R

P
b

u

V

(x
,
Q

2
=
1.
69

G
eV

2 )

x

baseline
incl.
incl.+charm

R

P
b

d

(x
,
Q

2
=
1.
69

G
eV

2 )

x

R

P
b

d

V

(x
,
Q

2
=
1.
69

G
eV

2 )

x

R

P
b

s

(x
,
Q

2
=
1.
69

G
eV

2 )

x

R

P
b

g

(x
,
Q

2
=
1.
69

G
eV

2 )

x

R

P
b

u

(x
,
Q

2
=
1.
69

G
eV

2 )

x

R

P
b

u

V

(x
,
Q

2
=
1.
69

G
eV

2 )

x

baseline
incl.
incl.+charm

R

P
b

d

(x
,
Q

2
=
1.
69

G
eV

2 )

x

R

P
b

d

V

(x
,
Q

2
=
1.
69

G
eV

2 )

x

R

P
b

s

(x
,
Q

2
=
1.
69

G
eV

2 )

x

low-energy scenario high-energy scenario

FIG. 12. Results for the nuclear modifications of Pb at Q2 = 1.69 GeV2. The hatched bands correspond to the baseline fit,
the blue bands are the results from fits with no charm data included, and the black error bands denote the full analysis with
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FIG. 12. Results for the nuclear modifications of Pb at Q2 = 1.69 GeV2. The hatched bands correspond to the baseline fit,
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[Aschenauer et al., Phys.Rev.D 96 (2017) 114005]

EIC will significantly widen the kinematic range of DIS constraints for nPDFs

Comparing with LHC measurements will put collinear factorization with nuclei to a stringent test

With the FL extraction cabability, EIC provides a clean probe to study small-x gluons

Good constraining power to well down to 10−2 in a high-energy scenario

Charm-tagged cross-section measurement can vastly reduce high-x gluon uncertainty
see also: [Kelsey et al., Phys.Rev.D 104 (2021) 054002]



Limits of applicability – large and small x
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[Segarra et al., Phys.Rev.D 103 (2021) 114015]

[Bonvini & Marzani, JHEP 06 (2018) 145]

Large x subject to target-mass and higher-twist corrections

Do these have sizable effect? (Yes)

Can we still get a good fit with traditional nPDFs? (Yes)

Any need for isospin-dependent modifications? (No)

[Paukkunen & Zurita, Eur.Phys.J.C 80 (2020) 381]

[Segarra et al., Phys.Rev.D 103 (2021) 114015]

Expect gluon density to saturate at small x

When does the simple DGLAP picture break down?

What experimental signatures do we need?

Small-x corrections already in the linear phase (BFKL)

Do these become important before saturation kicks in?

Need resummation and/or higher orders

: Many opportunities for the EIC!



Higher orders – the pursue for NNLO
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Several NNLO analyses appeared over the past years

KA15 [PRD 93 (2016) 014026] (NC DIS, DY)

nNNPDF1.0 [EPJ C79 (2019) 471] (NC DIS)

TuJu19 [PRD 100 (2019) 096015] (NC DIS, CC ν-DIS)

KSASG20 [PRD 104 (2021) 034010] (NC DIS, CC ν-DIS)

Limited currently to fixed-target data

: No direct gluon constraints

: Large uncertainties / parametrization dependence

Future prospects:
Public codes available for DY/W/Z at NNLO

For hadronic observables NNLO calculations exist,
but no public codes yet available

NNLO the standard for EIC?

[Walt, Helenius & Vogelsang, Phys.Rev.D 100 (2019) 096015]



Summary

22 / 22

Next generation nuclear PDFs will include a large set of data from the LHC pPb collisions

New constraints on gluon modifications in lead : strong evidence for (anti)shadowing!

Flavour separation uncertainties still remain large and contain some free-proton PDF uncertainty

A new EPPS nPDF fit on its way...

A-dependence of gluon PDF poorly known

Significant parametrization dependence in global analyses

Already few nb−1 in pO could help us better understand gluon modifications in light nuclei

EIC will put collinear factorization with nuclei to a stringent test

Inclusive and charm-tagged measurements able to put new constraints on gluon nPDFs

Availability of wide spectrum of nuclear beams highly important
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Fit results – valence preliminary results,
Ref: [Eskola, PP, Paukkunen & Salgado, arXiv:2106.13661]

Bound-proton modifications prelim.
Carbon Lead

Full-nucleus modifications prelim.
Carbon Lead

uV

dV

EPPS21

EPPS21

EPPS21

EPPS21

EPPS21

EPPS21

x

x

x

x

x

x

R
p
/C

u
V
(x
,Q

2
=
10

G
eV

2
)

R
p
/C

d
V
(x
,Q

2
=
10

G
eV

2
)

R
p
/C

u
(x
,Q

2
=
10

G
eV

2
)

R
p
/C

d
(x
,Q

2
=
10

G
eV

2
)

R
p
/C

s
(x
,Q

2
=
10

G
eV

2
)

R
p
/C

g
(x
,Q

2
=
10

G
eV

2
)

EPPS21

EPPS21

EPPS21

EPPS21

EPPS21

EPPS21

x

x

x

x

x

x

R
p
/P

b
u
V

(x
,Q

2
=
10

G
eV

2
)

R
p
/P

b
d
V

(x
,Q

2
=
10

G
eV

2
)

R
p
/P

b
u

(x
,Q

2
=
10

G
eV

2
)

R
p
/P

b
d

(x
,Q

2
=
10

G
eV

2
)

R
p
/P

b
s

(x
,Q

2
=
10

G
eV

2
)

R
p
/P

b
g

(x
,Q

2
=
10

G
eV

2
)

EPPS21

EPPS21

EPPS21

EPPS21

EPPS21

EPPS21

x

x

x

x

x

x

R
C u
V
(x
,Q

2
=
10

G
eV

2
)

R
C d
V
(x
,Q

2
=
10

G
eV

2
)

R
C u
(x
,Q

2
=
10

G
eV

2
)

R
C d
(x
,Q

2
=
10

G
eV

2
)

R
C s
(x
,Q

2
=
10

G
eV

2
)

R
C g
(x
,Q

2
=
10

G
eV

2
)

EPPS21

EPPS21

EPPS21

EPPS21

EPPS21

EPPS21

x

x

x

x

x

x

R
P
b

u
V
(x
,Q

2
=
10

G
eV

2
)

R
P
b

d
V
(x
,Q

2
=
10

G
eV

2
)

R
P
b

u
(x
,Q

2
=
10

G
eV

2
)

R
P
b

d
(x
,Q

2
=
10

G
eV

2
)

R
P
b

s
(x
,Q

2
=
10

G
eV

2
)

R
P
b

g
(x
,Q

2
=
10

G
eV

2
)

R
p/A
i =

f
p/A
i

fpi
RAi =

Zf
p/A
i +Nf

n/A
i

Zfpi +Nfni



Fit results – sea preliminary results,
Ref: [Eskola, PP, Paukkunen & Salgado, arXiv:2106.13661]

Bound-proton modifications prelim.
Carbon Lead

Full-nucleus modifications prelim.
Carbon Lead
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Fit results – strange and glue preliminary results,
Ref: [Eskola, PP, Paukkunen & Salgado, arXiv:2106.13661]

Bound-proton modifications prelim.
Carbon Lead

Full-nucleus modifications prelim.
Carbon Lead
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Cancellation of hadronization effectsSelf-normalization
Hadronization
uncertainty

Parton jets have higher 
cross section for R = 0.3 
jets with same kinematic 
selections compared to 
hadron jets

Parton jets are harder 
fragmenting

After self 
normalization 
effect of 
hadronization is 
negligible

9

Cross-section ratios

Area normalized ratios

slide from: Doga Gulhan, HI Jet Workshop, July 2016



PDF reweighting: different approximations [Eskola, PP & Paukkunen, Eur.Phys.J.C 79 (2019) 511]

The Hessian reweighting is a method to study the impact of a new set of data on the PDFs without
performing a full global fit

χ2
new(z) = χ2

old(z) +
∑

ij

(yi(z)− ydatai )C−1ij (yj(z)− ydataj )

Possible approximations:

zk

χ2−χ2
0

∆ χ2

√
∆ χ2δ z−k δ z+k

zk

yi− yi[S0]

yi[S+k ]−yi[S−k ]

2

√
∆ χ2

yi[S−k ]− yi[S0]

yi[S+k ]− yi[S0]

δ z−k

δ z+k

quadratic–linear: χ2
old ≈ χ2
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CMS dijets at pp [Eskola, PP & Paukkunen, Eur.Phys.J.C 79 (2019) 511]
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Predicted NLO distributions somewhat wider than the measured spectra
High-paveT midrapidity robust against scale variations and LO-to-NLO effects
: can expect NNLO corrections to be small in this region
: observed discrepancy seems to be a PDF related issue

Refitting might be needed to improve agreement with data
: study the impact with the reweighting method



CMS dijets at pp – CT14 reweighted [Eskola, PP & Paukkunen, Eur.Phys.J.C 79 (2019) 511]
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Reweighting:
improves midrapidity description
is not able to fully reproduce data at large rapidities even
when applied with additional weight (∆χ2 = 10) (high-x
parametrization issue? NNLO? data systematics?)

Significant gluon modifications needed especially at large x
also valence quarks get modified
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CMS dijets at pPb [Eskola, PP & Paukkunen, Eur.Phys.J.C 79 (2019) 511]
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pPb data deviates from NLO calculations almost the same way as the pp data
: had we not seen the same deviations in pp, we might have interpreted this as a fault in our

nuclear PDFs
Compared to pp case we have additional suppression in data compared to theory at forward
rapidities
: implication of deeper gluon shadowing



CMS dijets at pPb after CT14 reweighting [Eskola, PP & Paukkunen, Eur.Phys.J.C 79 (2019) 511]
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Modifications needed in CT14 to describe pp data have large impact on pPb predictions
: it is imperative to understand the pp baseline before making far-reaching conclusions from

pPb data
Using these data directly in nuclear PDF analysis with CT14 proton PDFs would lead to
I overestimating nuclear effects
I large scale-choice bias : Consider nuclear modification factor instead



Dijets at 5.02 TeV – EPPS16 reweighted [Eskola, PP & Paukkunen, Eur.Phys.J.C 79 (2019) 511]
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A Hessian PDF reweighting study shows that these data can put
stringent constraints on the gluon modifications

Drastic reduction in EPPS16 gluon uncertainties

Support for mid-x antishadowing and small-x shadowing

Probes the onset of shadowing down to x > 10−3

Remaining questions:

Is there EMC suppression for gluons?

What happens at x < 10−3?

probed region
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D-mesons at 5.02 TeV – differences in theoretical descriptions
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Figure 5. Nuclear modification factor RpPb as a function of pT for prompt D0 meson production
in the (left) backward data and (right) forward data, integrated over the common rapidity range
2.5 < |y∗| < 4.0 for pT < 6GeV/c and over 2.5 < |y∗| < 3.5 for 6 < pT < 10GeV/c. The uncertainty
is the quadratic sum of the statistical and systematic components. The CGC predictions marked
as CGC1 [67] and CGC2 [68] are only available for the forward region.
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[LHCb Collaboration, JHEP 10 (2017) 090]
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[Eskola, Helenius, PP & Paukkunen, JHEP 05 (2020) 037]

Data can probe nPDFs down to x ∼ 10−5, but x sensitivity differs between theoretical approaches:

The HELAC framework [Lansberg & Shao, EPJ C77 (2017) 1] uses a matrix-element fitting method
with 2→2 kinematics producing a narrow distribution in x (can be used also for quarkonia)

The SACOT-mT scheme [Helenius & Paukkunen, JHEP 1805 (2018) 196] of GM-VFNS NLO pQCD
gives a much wider x-distribution due to taking into account the gluon-to-HQ fragmentation



Heavy-flavour production mass schemes

FFNS
In fixed flavour number scheme, valid at small pT,
heavy quarks are produced only at the matrix
element level

Contains log(pT/m) and m/pT terms

DQ→h

ZM-VFNS
In zero-mass variable flavour number scheme, valid
at large pT, heavy quarks are treated as massless
particles produced also in ISR/FSR

Resums log(pT/m) but ignores m/pT terms

DQ→h

− subtraction term +

GM-VFNS
A general-mass variable flavour number scheme combines the two by supplementing subtraction terms
to prevent double counting of the resummed splittings, valid at all pT

Resums log(pT/m) and includes m/pT terms in the FFNS matrix elements

Important: includes also gluon-to-HF fragmentation – large contribution to the cross section!



D-mesons at 5.02 TeV – nPDFs reweighted
[Eskola, Helenius, PP & Paukkunen, JHEP 05 (2020) 037]
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[Kusina, Lansberg, Schienbein & Shao, PRL 121 (2018) 052004,
fig. from arXiv:2012.11462]

HELAC

RpPb mostly insensitive to the differences

: Reweighting with the two methods give
compatible results for RPb

g

see the refs. for comparison with
POWHEG+PYTHIA, FONLL

Large reduction in small-x uncertainties,
probed down to x ∼ 10−5

EPPS16 and nCTEQ15 brought to a
closer mutual agreement

Striking similarity with the results with dijets

: Supports the validity of collinear
factorization in pPb and the
universality of nPDFs

I further confirmation possible from
forward photons, low-mass DY &
W/Z-bosons



EPPS16 reweighted LHCb D-meson RpPb [Eskola, Helenius, PP & Paukkunen, JHEP 05 (2020) 037]
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Data well reproduced with the reweighted results

Significant reduction in EPPS16 uncertainties especially in forward bins

Good agreement with data below cut – no physics beyond collinear factorization needed



nCTEQ15 reweighted LHCb D-meson RpPb [Eskola, Helenius, PP & Paukkunen, JHEP 05 (2020) 037]
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Uncertainties smaller to begin with in the forward direction (less flexible small-x parametrization)
while larger in backward – almost identical results

Data well reproduced



D-mesons at 8.16 TeV – do we have tension?
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HELAC

:

[Eskola, Helenius, PP & Paukkunen, unpublished]
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QM2019 LHCb summary talk:

“Tension between data and nPDFs predictions. Additional effects required.”

: Theoretical description matters, HELAC predicts much smaller nPDF uncertainties for RFB

than SACOT-mT!

The slope of the 8.16 TeV data still differs from that in nPDF predictions and in 5.02 TeV data

: How can we explain the difference?



Future prospects: Forward photons with FoCal
[Abdul Khalek et al., JHEP 09 (2020) 183] [fig. from CERN-LHCC-2020-009]

Isolated photons at forward rapidities are a good probe of the nuclear small-x gluons

Isolation cut reduces the fragmentation component
I enhanced small-x sensitivity [Helenius et al., JHEP 09 (2014) 138]

Test for the possible onset of non-linear QCD effects

Complementary to the forward D0s and DY [cf. CERN Yellow Rep.Monogr. 7 (2019), pp. 1312-1313]



u and d valence quark modifications (in lead)

Most nuclei are close to isoscalar

: Nearly equal amout of u and d quarks

For example, we can write
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and neutron excess A− 2Z

A
≈ 0.2 for Pb

: Need high-precision data on non-isoscalar nuclei
to constrain the asymmetry

Important for studying the physical origin of
the EMC effect
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u and d sea quark modifications (in lead)

Most nuclei are close to isoscalar

: Nearly equal amout of ū and d̄ quarks

Here
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ū−d̄ =

f
p/A
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ū + f

p/A

d̄

Flavour asymmetry only a small correction

nNNPDF2.0 does not use fixed-target DY data

: less constraints for valence/sea separation
compared to EPPS16 & nCTEQ15WZ
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Gluon and strange modifications (in lead)

The gluon and strange modifications are poorly
constrained in the current nPDF releases

Better gluon constraints are available from LHC
pPb dijets and D-mesons, but these need to be
included in the global analyses (in progress)

The existing LHC pPb W/Z data did not give strong
constraints for the strangeness

: Additional data needed

W+charm measured in pp, doable in pPb?
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1 Introduction
The study of associated production of a W boson and a charm (c) quark at hadron colliders
(hereafter referred to as W + c production) provides direct access to the strange-quark content
of the proton at an energy scale of the order of the W-boson mass (Q2⇠(100 GeV)2) [1–3]. This
sensitivity is due to the dominance of sg!W�+ c and sg!W+ + c contributions at the hard-
scattering level (Fig. 1). Recent work [4] indicates that precise measurements of this process
at the Large Hadron Collider (LHC) may significantly reduce the uncertainties in the strange
quark and antiquark parton distribution functions (PDFs) and help resolve existing ambiguities
and limitations of low-energy neutrino deep-inelastic scattering (DIS) data [5]. More precise
knowledge of the PDFs is essential for many present and future precision analyses, such as
the measurement of the W-boson mass [6]. An asymmetry between the strange quark and
antiquark PDFs has also been proposed as an explanation of the NuTeV anomaly [5], making
it crucial to measure observables related to this asymmetry with high precision.

W + c production receives contributions at a few percent level from the processes dg!W�+ c
and dg ! W+ + c, which are Cabibbo suppressed [7]. Overall, the W� + c yield is expected
to be slightly larger than the W+ + c yield at the LHC because of the participation of down
valence quarks in the initial state. A key property of the qg ! W + c reaction is the presence
of a charm quark and a W boson with opposite-sign charges.
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Figure 1: Main diagrams at the hard-scattering level for associated W + c production at the
LHC.

The pp ! W + c + X process is a sizable background for signals involving bottom or top
quarks and missing transverse energy in the final state. Particularly relevant cases are top-
quark studies and third-generation squark searches. Measurements of the pp ! W + c + X
cross section and of the cross section ratio s(pp!W + c-jet + X)/s(pp!W + jets + X) have
been performed with a relative precision of about 20–30% at the Tevatron [8–10] hadron collider
using semileptonic charm hadron decays.

We present a detailed study of the pp! W + c + X process with the Compact Muon Solenoid
(CMS) detector, using a data sample corresponding to a total integrated luminosity of 5 fb�1

collected in 2011 at a center-of-mass energy of 7 TeV. We measure the total cross section and
the cross section ratio R±

c = s(W+ + c)/s(W� + c) using the muon and electron decay chan-
nels of the W boson. Charm-quark jets are identified within the fiducial region of transverse
momentum pjet

T > 25 GeV and pseudorapidity |hjet| < 2.5 using exclusive hadronic, inclusive
hadronic, and semileptonic decays of charm hadrons. Furthermore, the cross section and the
R±

c ratio are measured as a function of the pseudorapidity of the lepton from the W decay, thus
probing a wide range in the Bjorken x variable, which at leading order can be interpreted as
the momentum fraction of the proton carried by the interacting parton.

This paper is organized as follows: the CMS detector is briefly described in Section 2 and the



Average u and d quark modifications (in oxygen)

The average u and d valence and sea modifications
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are under control (from interpolation)

Oxygen fully isoscalar

: No contribution from flavour asymmetry!

From nPDF point of view, oxygen is “simpler”
than lead

nNNPDF2.0 differs (again) from EPPS16 and
nCTEQ15WZ due to not having fixed-target DY data

Data from E772 indicate that there should be
antishadowing for valence, but not for sea quarks
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Gluon and strange modifications (in oxygen)

No agreement for the shape of gluon modifications!

! No direct data constraints available

: Can cause significant uncertainties
e.g. for jet ROO

: We could expect major improvement
from a LHC pO run

Large uncertainties also for the strange quark

nNNPDF2.0 has smaller uncertainties here likely
due to including NuTeV νFe CC DIS data

Since u/d flavour asymmetry does not contribute
(isoscalarity), measuring W/Z bosons in pO/OO
could provide unique constraints for strangeness
nuclear modifications
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